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Abstract
Plutonium loading in a plutonium-thorium (Pu-Th) mixed oxide (MOX) fuelled pressurized
water reactor (PWR) core is typically constrained by large maximum radial form factors
(RFF) and positive moderator temperature coefficient (MTC). The large form factors in
higher Pu content fuels stems from the large differences in burnup, and thus reactivity, be-
tween fresh and burnt fuel, while positive MTC can potentially be the result of the high
soluble boron concentrations needed to maintain criticality for such reactive fuel. The con-
ventional solution to these problems is the use of burnable poisons (BPs). While BPs are
able to reduce RFF, the positive MTC is not entirely due to a large critical boron concen-
tration (CBC) requirement. In fact, analysis shows a positive MTC in Th-Pu fuel is mainly
caused by fissioning in the epithermal–fast energy range. A reduction in epithermal–fast
fissioning through the use of certain BPs and the strategic employment of loading patterns
that encourage leakage are more effective in attaining negative MTC, as a reduction in CBC
has a negligible effect on MTC. This paper examines the contributions to positive MTC by
isotope and energy and identifies characteristics of BPs that are able to mitigate positive
MTC in a Pu-Th MOX PWR core.
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1. Introduction1
Plutonium (Pu) and minor actinides (MAs) present a significant nuclear proliferation2
concern as well as contributing to the long-term radiotoxicity of nuclear waste. There is a3
large amount of separated civil plutonium available today, with the largest stockpile in the4
world situated in the UK (Broomby, 2013).5
With the delay in the deployment of fast reactors, the option to incinerate Pu in thermal6
reactors that are already widely in use is an attractive one. Typically, this is performed by7
mixing uranium (U) with Pu as mixed oxide (MOX) fuel (IAEA, 2003; Haas and Hamilton,8
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2007). An alternative approach is to use thorium (Th) as a fertile isotope instead of U. This9
increases the Pu incineration rate, as additional Pu is not bred from 238U, although fissile 233U10
is bred instead. Multiple lattice-physics-based investigations have confirmed this behaviour11
in pressurized water reactors (PWRs), e.g. studies by Galperin (1995) and Shwageraus et al.12
(2004), and such fuel has been shown to be feasible in a whole core (Fridman and Kliem,13
2011). Additionally, the Th-Pu matrix also shows potential for reducing radiotoxicity and14
decay heat when compared with standard U fuel waste (Wang et al., 2003; Hesketh, 2013).15
This offers an economic gain as it allows better management of spent fuel in repositories.16
Plutonium incineration can be pursued with either of the following competing objectives:17
• Fast burn: Burn Pu quickly, i.e. increasing the rate of Pu incineration.18
• Deep burn: Burn as large a fraction of the initially loaded Pu as possible, i.e. reducing19
the final amount of Pu in fuel.20
A fast burn of Pu is achieved by decreasing the power share of all other nuclides (such21
as 233U from the Th chain) in favour of primarily burning Pu, fast. Conversely, a deep burn22
means maximising the conversion of Th to 233U, the presence of which will extend burnup23
of the fuel and allow more Pu to burn over time. However, a high Pu loading is required to24
sustain criticality as 233U builds up slowly. The amount of Pu that can be loaded is limited25
by operational constraints on the maximum radial form factor (RFF) and prohibiting a26
positive moderator temperature coefficient (MTC).27
Technically, there is no explicit requirement to keep the MTC negative at all operating28
conditions. The US NRC General Design Criterion No. 11 (NRC, 2016), for example, states:29
“The reactor core and associated coolant systems shall be designed so that in the power30
operating range, the net effect of the prompt inherent nuclear feedback characteristics tends31
to compensate for a rapid increase in reactivity. (This is negative feedback on a power32
transient).” However, a negative MTC requirement was imposed in this study to provide33
conservatism since detailed transient analysis was out of scope at this stage.34
The large form factors in higher Pu content fuels stem from the large differences in35
burnup between fresh and burnt fuel.36
A positive MTC, on the other hand, can potentially be the result of the high soluble37
boron concentrations needed to maintain criticality for such reactive fuel due to a harder38
spectrum and reduced boron worth. The conventional solution to these problems is the use39
of burnable poisons (BPs).40
This study investigates the contributions (by isotope and energy range) to positive MTC41
in high Pu content fuel. It then identifies characteristics of BPs that are able to mitigate42
positive MTC and presents potential BPs that can be used for this purpose.43
1.1. Th-Pu fuel in PWRs44
Fast reactors have not been widely commercially implemented yet. Hence the majority45
of spent nuclear fuel discharged from commercial reactors, which would have otherwise been46
efficiently incinerated in fast reactors, is now either due for interim storage, recycling, or47
direct final disposal. Civil Pu is recycled in some European countries (e.g. France, Belgium)48
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while the United States and Russia have examined the option of incinerating their dismantled49
nuclear warheads (weapons-grade Pu). However, the presence of uranium (specifically 238U)50
in conventional MOX fuel for the purpose of incinerating Pu means that Pu production can51
only be constrained, rather than being significantly reduced in content. Thus, the use of52
non-uranium fuels became of interest – inert-matrix (or fertile-free) fuel and thorium (Th).53
This work examines the use of thorium.54
Over the years, interest in thorium has waxed and waned, with two recurring motivations55
for considering use of this fuel:56
• Reducing the risk of nuclear weapons proliferation: Either in the form of57
using thorium with uranium, creating 233U, which has self-protecting gamma-emitting58
daughter products in the decay chain of accompanying 232U, or incinerating Pu from59
weapons or civilian stockpiles.60
• Cost cutting: Increases in uranium spot prices and the fear of resource depletion61
prompted countries to investigate the use of thorium to reduce uranium ore and en-62
richment requirements in their nuclear fuel programmes.63
While consideration of thorium for commercial use is still an academic exercise (IAEA,64
2002, 2003, 2005), recent headway has been made by India and China (IThEO, 2015).65
However, these advances examine fuel mixes of either Th-U or Th-U-Pu. The natural66
progression is to consider pure Th-Pu mixes, which have better Pu incineration rates. Thus,67
studies on homogeneous Th-Pu fuel (without enriched or natural uranium) specifically in68
PWRs include:69
• Lattice calculations: Galperin (1995), Puill (1999), Weaver and Herring (2004),70
Shwageraus et al. (2004), Dziadosz et al. (2004), Bjo¨rk and Fhager (2009) and Herman71
(2009).72
• Full-core calculations: Galperin and Raizes (1997), Lombardi et al. (1999), Joo and73
Kim (2000), Fridman and Kliem (2011), Trellue et al. (2011), Tsige-Tamirat (2011)74
and Bjo¨rk et al. (2013).75
These investigations compared the performance of different fuel mixes, e.g. Th-Pu/Th-Pu-76
U/weapons-grade/reactor-grade plutonium, quantified the materials attractiveness of the Pu77
product for use in weapons, analysed the fuel and potential SiC cladding at high burnup,78
and detailed the effects of hydrogen-to-heavy-metal (H/HM) ratio on Pu incineration.79
The main observations concerning the fuel’s behaviour are its reduced reactivity80
worth and delayed neutron yields which necessitate modification of reactivity con-81
trol materials (e.g. use of boron enriched in 10B), as well as more detailed transient analysis82
to confirm safe operation. As expected, the Th-Pu mix is found to yield substantially higher83
rates of Pu incineration compared to mixtures containing 235U/238U.84
Note that in this study we consider a pure Th-Pu fuel mix, without any natural uranium85
denaturing. Denaturing is the process of adding a certain amount of natural uranium to86
fissile 233U or 235U in the fuel to inhibit weapons proliferation. As observed by Shwageraus87
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et al. (2004) based on 233U threshold limits proposed by Forsberg et al. (1999), there is a88
degradation in the efficiency of Pu destruction when the fuel is denatured. The repercussions89
of denaturing on our conclusions here will be analysed in future work.90
1.2. Moderator temperature coefficient91
The MTC is defined as the change in reactivity per degree change in moderator tem-92
perature. Changes in the moderator temperature subsequently insert positive or negative93
reactivity into the core. A negative MTC at hot full power is a mandatory requirement in94
all western countries operating PWRs. Thus, the MTC is tracked to ensure safe reactor95
operation. In a Th-Pu fuel mix, increasing the Pu content eventually causes the MTC to96
become positive.97
There are 5 main elements that have an effect on MTC (Martin, 2013):98
• Leakage: For a fixed core pressure, an increase in temperature necessarily means a99
decrease in moderator density. This results in fewer collisions between fast neutrons100
and the hydrogen nuclei of the moderator, resulting in fewer neutrons slowing down or101
thermalising. Absorption cross-sections get smaller with the consequent harder neu-102
tron spectrum. This increases the mean free path of neutrons, and a larger proportion103
are therefore lost via leakage, causing a reduction in the effective multiplication factor104
(keff).105
• Thermal and resonance absorption: A decrease in moderator density also reduces106
the number of neutrons absorbed in fissile material in the thermal range (especially in107
Pu fuel) creating a negative reactivity effect – a decrease in keff. However, depending108
on the nuclide mix, an increase in absorption in the epithermal–fast energy range might109
be either parasitic or contribute to fission.110
• Hydrogen absorption: A moderator density decrease further reduces the number of111
neutrons lost to absorption by hydrogen in the coolant, creating a positive reactivity112
effect – an increase in keff.113
• Boron absorption: If the reactivity of the core is controlled using soluble boron,114
then a decrease in coolant density also means that the amount of soluble boron in the115
reactor decreases, as some of it is forced out of the core, resulting in a decrease in116
neutron absorption in boron – an increase in keff.117
• Burnable poison absorption: The shift of the neutron spectrum to higher energies118
generally causes a decrease in absorption in BPs, thus inserting positive reactivity into119
the core.120
These effects all contribute to the overall MTC. Traditionally, the biggest effect on the121
MTC is due to the soluble boron. If critical boron concentration (CBC) is high, then a122
slight increase in temperature can cause a larger positive reactivity insertion. This could123
cause the net value of the MTC to be positive. Hence the use of BPs for overall reactivity124
control (rather than local power peaking reduction) is often in order to decrease the CBC125
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requirement, rather than directly to improve the MTC. However, the effectiveness of this126
depends on the fuel and BP used where, in some cases, a judicious choice of BP can, in fact,127
directly contribute to improving MTC without changing CBC.128
2. Methodology129
2.1. Model set-up130
The reactor model was based on a standard Westinghouse 3411 MWth 4-loop PWR with131
193 fuel assemblies. The homogeneously mixed Th-Pu fuel used in this work contains 20132
wt% Pu, which is roughly the limit beyond which the full-core MTC becomes prohibitively133
positive. The reactor-grade Pu isotope vector of PWR spent fuel with a burnup of 33134
GWd/MTU (IAEA, 2003) is given in Table 1. The fuel thermal conductivity for a Th-Pu135
mix is modelled from (Cozzo et al., 2011). The densities are taken to be 95% of theoretical for136
PuO2 and ThO2 – 11.5 g/cc and 10 g/cc respectively. The reduced boron worth necessitated137
the use of enriched soluble boron (90 at% 10B) for this fuel.138
As the reactor follows a 3-batch loading scheme, and the Pu content is relatively high at139
20 wt%, the discharge burnup of the fuel after 3 cycles can reach 130 GWd/MT. However,140
note that for the purpose of this study, we assume that suitable materials and technology141
that can withstand prolonged cycles and high burnups will be available for use in the future142
(Herman, 2009; Shwageraus and Feinroth, 2011; Andrews et al., 2014; Sukjai and Kazimi,143
2015). Hence discharge burnup is not, as with current commercial reactors, a constraint or144
limiting factor; instead, it is an objective. This is due to the fact that the Pu content in the145
fuel decreases monotonically with burnup, i.e. a deeper burn increases Pu incineration.146
Lattice calculations were performed using WIMS 10, a deterministic reactor physics code147
(Newton et al., 2008). A 172-group calculation with geometric approximations was first148
performed using the collision probability method to generate 47-group cross-sections. The149
geometric approximations refer to a solution of the slowing down equation in a simplified unit150
cell geometry with a small number of regions (fuel, cladding, moderator) coupled through151
collision probabilities, which is a standard computational sequence. A few-group solution in152
detailed geometry was then performed using the method of characteristics.153
Full-core calculations were carried out using PANTHER (Hutt et al., 1991; Parks and154
Knight, 1995), a general-purpose whole reactor code that solves the multi-group neutron dif-155
fusion equation with coupled thermal and poison feedback. PANTHER can model the effects156
of fission product poisoning due to the presence of 135Xe and 149Sm by solving the appro-157
priate decay chain equations to give the number densities of the poison isotopes. Therefore158
it provides the option of using the nominal values produced when the nuclear parameters159
were generated at the lattice level calculation stage, or calculating its own Xe/Sm number160
densities which feeds back a change in the mesh constants (cross-sections). Core calculations161
were carried out using 2-energy-group cross-sections.162
2.2. Analysis of contribution to MTC163
To understand the factors that govern the behaviour of MTC in our Th-Pu fuel, we break164
down the contributions to the MTC by isotope and then by energy group. The method used165
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Isotope 238Pu 239Pu 240Pu 241Pu 242Pu
% 1.8110 59.1380 22.9577 12.1313 3.9620
Table 1. Plutonium isotope vector.
here is from (Ganda and Greenspan, 2010). In normalizing “per absorbed neutron”, the166
system infinite multiplication factor (k∞) is broken down as follows:167
k∞ = η · f
=
∑
j
νjΣfjΦj∑
i
ΣaiΦi
=
ν1Σf1Φ1∑
i
ΣaiΦi
+
ν2Σf2Φ2∑
i
ΣaiΦi
+ · · ·
=
ν1Σf1Φ1
Σa1Φ1
· Σa1Φ1∑
i
ΣaiΦi
+
ν2Σf2Φ2
Σa2Φ2
· Σa2Φ2∑
i
ΣaiΦi
+ · · ·
(1)
where
νj = the average number of neutrons produced per fission in system component j,
Σai,fj = one-group cell-averaged macroscopic fission and absorption cross-sections of
system components i and j,
Φi,j = the neutron flux in system components i and j.
Defining168
ηj ≡ νjΣfjΦj
ΣajΦj
; f˜j ≡ ΣajΦj∑
i
ΣaiΦi (2)
k∞ can be written as169
k∞ = η1f˜1 + η2f˜2 + · · · , (3)
where
ηj = the total number of fission neutrons emitted per neutron absorbed in component j,
f˜j = the fraction of neutrons absorbed in component j out of the total number of
neutrons absorbed in all the system components i, which is a definition that differs
slightly from the standard one for f.
In the definition above, “component” refers to any division required, e.g. by isotope,170
energy group, etc. For a change in moderator temperature, 4T , the MTC by component171
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can now be expressed as follows:172
MTCT =
kp∞ − kn∞
kp∞ · kn∞
1
4T
=
1
4T
(η1f˜1 |p − η1f˜1 |n) + (η2f˜2 |p − η2f˜2 |n) + · · ·
kp∞ · kn∞
(4)
and the subscripts and superscripts n and p denote for the nominal and perturbed conditions,173
respectively.174
3. Results175
3.1. Contributing effects to MTC176
As the moderator increases in temperature, it becomes less dense and slows down neu-177
trons less efficiently, thus “hardening” the neutron spectrum or changing the energy distri-178
bution of neutrons in the reactor. Fig. 1 plots the normalised neutron flux spectrum for179
a fuel assembly containing homogeneously mixed 20 wt% Pu with Th (Th80Pu20 fuel), at180
its (a) nominal condition (moderator density and temperature of 0.7119 g/cc and 580 K),181
(b) perturbed condition (0.611 g/cc and 600 K), and (c) the difference between these two182
spectra (perturbed – nominal). It is clear that there is a decrease of thermal neutrons and183
an increase of epithermal neutrons above 100 eV.184
Using the method described in the Sect. 2.2, we analyse the MTC contribution by isotope185
for representative fresh (0.1 GWd/MT) and twice-burnt fuel (85 GWd/MT) under average186
core boron concentrations of 1600 ppm. This is done by perturbing the moderator tempera-187
ture and calculating the MTC contribution to the total value of fuel assembly MTC of each188
isotope. From Fig. 2, we see that the key nuclides that play a significant role are 239Pu,189
241Pu and 233U. To understand this better, we break this down further to MTC contribution190
over energy range for each isotope – Fig. 3. We see that for both fresh and depleted fuel,191
the main contribution to positive MTC is an increased fissioning in the epithermal range of192
∼100 eV to 10 keV for the key nuclides, i.e. 239Pu, 241Pu and 233U. However, note that, for193
239Pu, the large negative contribution in the thermal range below 1 eV offsets the positive194
contribution giving a net negative contribution to MTC at 85 GWd/MT (Fig. 2).195
These changes in MTC can be attributed to the changes in the parameter η – the number196
of neutrons emitted by fission per neutron absorption in the fuel, plotted for 239Pu in Fig. 3a197
and 233U in Fig. 3b. An interesting point to note is that while 233U is a thermal absorber198
(Fig. 4), thus contributing to negative MTC when the spectrum shifts to higher energies,199
it still contributes quite significantly to the positive MTC of the fuel at high burnup. As200
mentioned, it is an increase in fission, as shown by an increase in the parameter η in the201
epithermal range, that causes this.202
What this analysis indicates is that the MTC of our Th-Pu fuel is predominantly affected203
by fissioning in the epithermal energy range. This means that without changing standard204
assembly configurations, a change in fuel type, i.e. U compared to Th-Pu fuel, has effectively205
changed the behaviour of the assembly from most fissions being caused by thermal neutrons206
to a mostly epithermal–fast fission dominated fuel.207
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Fig. 1. Spectrum difference of the flux change from nominal moderator density of 0.7119 g/cc to an increase
in temperature with a density of 0.611 g/cc.
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Fig. 2. MTC contribution by isotope for fresh and twice-burnt fuel at core average boron (1600 ppm).
MTC at 0.1 GWd/MT = 26.59 pcm/K and 85 GWd/MT = 25.86 pcm/K.
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(a) 0.1 GWd/MT, MTC = 26.587 pcm/K
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Fig. 3. Breakdown of MTC by energy group for each isotope for (a) fresh and (b) twice-burnt fuel at core
average boron (1600 ppm). Second (upper) plots show the parameter η for key nuclides – 241Pu and 233U.
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Fig. 4. 232Th and 233U absorption cross-sections show that 232Th is an epithermal absorber compared to
233U, which is more of a thermal absorber.
We must take this into consideration when choosing a suitable burnable poison that will208
help improve the MTC of the fuel.209
3.2. Burnable poison selection210
Burnable poisons are materials that have very large absorption cross-sections that deplete211
with neutron capture. The daughter products produced as a result of this would ideally have212
negligible absorption cross-sections so as not to cause added reactivity hold-down beyond213
the initial intended design.214
There are three variables that determine the behaviour of a BP in an assembly:215
• Number of pins: This determines the reactivity hold-down, as the amount of expo-216
sure the BPs have to neutrons is proportional to the number of pins.217
• BP enrichment/loading: This determines how long the BPs have an effect on the218
fuel.219
• BP nuclide/isotope: The type of nuclide determines the magnitude of the absorption220
cross-section. Large absorption cross-sections (e.g. 157Gd) imply that the BPs will have221
a very large initial effect (i.e. large reactivity hold-down), but then quickly burnt out.222
The effect of these variables on BP behaviour will differ depending on the material used.223
For example, due to the strong self-shielding of gadolinium, the exact method of loading,224
i.e. number of pins and enrichment, will affect the reactivity curve, but, in contrast, for225
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boron, poison distribution is not as important. The objective then is to balance these three226
factors such that the BPs burn out by the end of the first cycle, so as not to incur a burnup227
penalty that shortens the fuel’s life.228
3.2.1. Lattice level calculations229
We will first examine standard Wet Annular Burnable Absorbers (WABAs) and Integral230
Fuel Burnable Absorbers (IFBAs). WABAs are burnable absorber rods that comprise of231
thin-walled Al2O3-B4C annular pellets contained within two concentric and sealed Zircaloy-232
tubes, so as to allow the flow of coolant inside and outside of the tube (Radford et al., 1982),233
and are placed in guide tube positions. This means that they are usually removed from the234
assembly after the first cycle, so as to allow for the inevitable reshuffling of the assembly to235
control rod positions in the core. IFBAs, on the other hand, are standard fuel pellets with236
a thin coating of ZrB2 on the outer surface (Simmons et al., 1987).237
For this lattice level calculation, a reference point for cycle burnup was determined using238
the Linear Reactivity Model (LRM) (Driscoll et al., 1991) and was calculated using the239
reactivity of the fuel assemblies without BPs. This cycle burnup reference point is used in240
analysing when BPs should ideally burn out, and consequently used in finding the average241
critical boron that is set across all fuels when generating cross-sections.242
Soluble boron concentration is limited by water chemistry considerations and, to some243
extent, by the restrictions on MTC. Therefore, BPs should be able to compensate for the244
remaining excess reactivity. With a rough estimate of soluble boron reactivity worth, it is245
possible to estimate the BP requirements from the lattice calculations and the LRM. These246
rough estimates allowed us to rule out some of the BP options that would clearly be unable247
to provide the necessary amount of excess reactivity compensation.248
Fig. 5 shows the effect of variation in 10B enrichment for both BP types. Note that at this249
first stage of comparing WABAs and IFBAs, we are mainly interested in their behaviour in250
the first cycle. Therefore to simplify modelling, the WABAs are left in the assembly through-251
out the assembly life – hence the reactivity hold-down after the first cycle. Nevertheless,252
they do not give sufficient reactivity hold-down in the first cycle.253
An IFBA with 0.001 cm coating thickness on all the fuel pins with an enrichment of254
90 wt% 10B performed similarly to WABAs using natural boron. Therefore it was deemed255
necessary to increase the thickness of the IFBA coating to 0.004 cm (Kozlowski and Downar,256
2007; Ellis, 2000), which then gave better reactivity hold-down, though it still burnt through257
the second cycle. The IFBA with enrichment of 50 wt% 10B appeared to be the best258
contender.259
We then considered homogeneously mixed BPs placed in all the pins in the assembly.260
The nuclides examined were commercially available BPs, including gadolinium, erbium,261
europium and hafnium. Fig. 6 shows the total cross-sections of the main absorbing isotope262
for each nuclide. Notice that all the isotopes behave in a relatively similar way in the region263
between ∼100 eV and 10 keV with the exception of 177Hf, which displays particularly strong264
resonance absorption. Based on the discussion of epithermal–fast fissioning in the previous265
section, this behaviour will be valuable.266
However, we are still bound by operational constraints, i.e. burnup, by which the ideal267
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Fig. 5. k∞ versus burnup for WABA and IFBA options for Th80Pu20 fuel.
BP should burn out by the end of the first cycle, and, more importantly, must cause the268
least amount of burnup penalty. To get a feel for the BP behaviour, we plot the k∞ versus269
burnup variation for 1 wt% of the natural composition of each BP in Fig. 7a. This shows270
Gd to have the most promise. We then plot the variation for 1 wt% of the crucial absorbing271
isotopes for each nuclide in Fig. 7b, and then adjust the wt% of each isotope to ideally burn272
out after the first cycle in Fig. 7c. 164Dy, 167Er, 151Eu and 177Hf give relatively little initial273
reactivity hold-down.274
157Gd caused too much hold-down because it was placed in all the pins. While a more275
optimised configuration (i.e. reducing number of pins and enrichment) could be found, for276
the purpose of this basic study, a uniform placement of BPs in all the fuel pins was adopted277
for consistency of comparison with the other BPs. Furthermore, the focus on total Gd278
absorption is reasonable as our main concerns were the reactivity hold-down and effect on279
MTC.280
More promisingly, 0.2 wt% Gd155 gives a reasonable hold-down in the first cycle and281
minimal burnup penalty.282
Additionally, note that in Fig. 7b, the reactivity for the homogeneously mixed BP of283
1 wt% 157Gd is strongly suppressed initially, and burns out quite quickly. At the end of284
the first cycle, however, its reactivity is higher than the case with no BP. This is a spectral285
history effect of 233U. As 157Gd is a strong thermal absorber, it hardens the neutron spectrum.286
However, since 232Th is an epithermal absorber (Fig. 4), this encourages breeding of 233U.287
When 157Gd proceeds to burn out at the end of the cycle, the spectrum softens, creating an288
ideal environment for the fissioning of 233U, and thus the increased reactivity seen in Fig. 7b.289
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Fig. 6. Total cross-sections of candidate burnable poisons.
From the options discussed so far, Fig. 8 shows the three candidate configurations for290
BPs to be placed in all the pins of the assembly that were considered the most promising:291
1. IFBA of thickness 0.004 cm containing 50 wt% 10B292
2. Homogeneously mixed 0.2 wt% 155Gd293
3. Homogeneously mixed 0.2 wt% 177Hf294
The first two were chosen due to their reasonable reactivity hold-down in the first cycle. In295
contrast, 177Hf was chosen to test the previously mentioned hypothesis that MTC is affected296
by epithermal–fast fission, since it offers more resonance absorption in the relevant energy297
range than the other BP options.298
3.3. Full-core evaluation of BP fuel299
It is usually thought that positive MTC in PWRs is caused by the high concentrations of300
soluble boron required to maintain criticality in highly enriched fuel. But we show here that301
for Th-Pu fuel, CBC is only loosely correlated with MTC, i.e. reducing boron concentration302
by using BPs has negligible effect on MTC.303
3.3.1. BPs in full core304
The main contributor to a positive MTC is increased fissioning in the epithermal–fast305
region. As we will see, a decrease in CBC is not essential to help attain a negative MTC;306
instead leakage and a reduction in epithermal–fast fissioning are more important.307
For standard uranium cores, it is well-understood that for an increase in moderator308
temperature, boron content in the core will be reduced and cause an insertion of positive309
reactivity. Thus, to mitigate this detrimental effect on MTC from the soluble boron, the310
use of BPs helps decrease the reactivity of the fuel, and hence the CBC required.311
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(a) Natural BPs
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(b) Isotope BPs
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Fig. 7. k∞ versus burnup for (a) natural and (b) and (c) particular isotope BPs.
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Fig. 8. Final BP candidates considered.
For our full-core study, we analyse 3 commonly used loading patterns (LPs) shown in312
Fig. 9. LP1 is a standard Out-In-In pattern that has fresh fuel located on the periphery313
of the core and the once- and twice-burnt fuel checkerboarded in the interior. LP2 is a314
Ring-of-Fire configuration where twice-burnt fuel is placed on the periphery, fresh fuel is315
placed one assembly in from the periphery, and once-burnt fuel is placed in the centre of316
the core. Finally, LP3, an In-Out-In design, checkerboards fresh and twice-burnt fuel in the317
centre of the core and places once-burnt fuel on the periphery.318
Fig. 8 showed that the 177Hf, 155Gd and IFBA designs, in that order, give increasingly319
large initial reactivity hold-downs. This is reflected in an improvement in RFF for all LPs320
(Fig. 10a) but, more importantly, a reduction in required CBC for all LPs in the same order,321
with the IFBA giving the most hold-down and 177Hf the least (Fig. 10b). This behaviour is322
not necessarily reflected in the MTC, however (Fig. 10c).323
First, we note from Fig. 11 (a close-up of the results in Fig. 10c highlighting the different324
LPs), that BPs do indeed reduce MTC for LP2 and LP3 compared to fuel with no BP, but325
provide no reduction in MTC when LP1 is used. This indicates that leakage has a much326
larger effect on MTC than BPs. Thus, the inclusion of BPs in fuel assemblies that are loaded327
using LP1 does not help improve MTC. However, BPs can help improve MTC if LP2 or328
LP3 is adopted, where fresh fuel assemblies are loaded in the interior of the core.329
The second behaviour to note from the MTC of the different fuels in Fig. 12 (another330
close-up of Fig. 10c, highlighting different BPs for LP1) is that 177Hf, which provided the331
least initial reactivity hold-down, and consequently the least reduction in CBC, is able332
to give a lower MTC (−2.9483 pcm/K at beginning of cycle (BOC)) than with IFBA333
(−0.2786 pcm/K). This confirms our earlier conclusion that epithermal–fast fission above334
100 eV has more effect on MTC than CBC, and, from the absorption cross-sections shown335
in Fig. 6, 177Hf offers more resonance absorption in this particular region than the other BP336
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Fig. 9. LPs used in the full-core evaluations.
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Fig. 10. Full-core results for (a) RFF, (b) CBC and (c) MTC.
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Fig. 11. Effect of IFBA on MTC for different loading patterns.
nuclides.337
Conversely, 155Gd deteriorates MTC (5.9131 pcm/K at BOC) compared to the case with338
no BPs (−0.0875 pcm/K) despite causing a reduction in CBC. This is due to its much339
reduced absorption cross-section in the epithermal region (Fig. 6), whereby the shift in340
spectrum to higher energies results in an insertion of positive reactivity. This reverse in341
behaviour is only seen when using LP1. As leakage reduces the positive contribution from342
epithermal–fast fission, the influence of the reduction in 155Gd absorption in the epithermal343
range becomes more significant.344
4. Conclusions345
To achieve a “deep burn” of Pu with Th-Pu fuel in a PWR, we aim to load the reactor346
with the highest possible amount of Pu in order to extend the fuel burnup through 233U347
breeding and burning, which requires a long time to build up to saturation. However, the348
amount of Pu is constrained by:349
• High RFF that stems from the large differences in burnup and therefore reactivity350
between fresh and burnt assemblies.351
• Positive MTC, which was originally thought to be primarily caused by the large soluble352
boron concentrations needed to maintain criticality for fuel with high Pu content.353
However, a detailed study of the contributing effects to positive MTC shows that the354
key factor is, in fact, increased fissioning of 239Pu, 241Pu and, with sufficient build-up,355
233U in the epithermal–fast energy range.356
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The judicious use of BPs can reduce RFF without much compromise on cycle length.357
However, depending on the principal poison isotope, the use of BPs has varying effects on358
MTC.359
The results of this investigation into the effects of BPs on MTC in Th-Pu-fuelled PWRs360
can be summarized as follows:361
• The MTC of Th-Pu fuel is affected much more by core leakage than by BPs. For low-362
leakage cores, where fresh fuel is placed towards the centre of the core, BPs can help363
lower MTC, but, for high-leakage cores, the use of BPs will only marginally improve364
MTC, if at all.365
• 177Hf provides the least reactivity hold-down, but as the most significant contribution366
to positive MTC is from increased fissioning in the epithermal–fast energy range, and367
177Hf has resonances in this region, it is able to mitigate this effect.368
• In contrast, 155Gd can deteriorate MTC as it is a strong thermal absorber. Its absorp-369
tion cross-section is much smaller in the epithermal region, so a shift in spectrum to370
higher energies results in an insertion of positive reactivity.371
• IFBAs containing 50 wt% 10B of 0.004 cm thickness on all pins performed relatively372
well for all three parameters of interest – RFF, CBC and MTC.373
While high-leakage cores have a stronger effect in mitigating positive MTC, the use of374
BPs will be important when a low-leakage core is required.375
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Having gained an understanding of the specific cause of positive MTC in high Pu content376
fuel, effective loading patterns and also the characteristics of BPs that can help mitigate a377
positive MTC, a more comprehensive study should be carried out using more realistic BP378
designs. This will enable a more feasible design of a high Pu content reactor where MTC379
can be better managed.380
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